Results of the self−consistent comprehensive analysis of a room−temperature operation of InP
Introduction
Densities in communication systems continue to grow ra− pidly. However, performance of traditional electrical inter− connections faces numerous challenges, such as high power consumption, signal degradation, and electromagnetic inter− ference. Therefore modern optical interconnections are be− lieved to be the only methods to upgrade current intercon− nect performance due to their advantageous high−speed data transfer capability in a small form factor with small cros− stalk at high density. Vertical−cavity surface−emitting lasers (VCSELs) are promising light sources for optical intercon− nection because of their inherently single−longitudinal mode operation, low−divergent circular output beam without astigmatism, compact sizes, low power consumption and a possible high−speed operation.
Typically to increase the data rate of an optical system, the approach is to increase the bit rate of VCSELs and to in− crease the number of channels. However, higher density of emitters and fast modulation are sensitive to thermal distur− bance. For example, the modulation bandwidth of a VCSEL is determined by the relaxation frequency as well as by ther− mal and optical nonlinearities caused by self−heating of the device. Nonuniform heating of laser arrays introduces var− ied shift of emission wavelengths, which corrupts the capa− city of the channels. On the other hand, the power of the emitted light is also an important factor since it allows for reduction of transmitter numbers in the network. Both these contradicting demands can be realised by a device defined by a strong mechanism assuring single mode operation and low threshold current. There have been several attempts to face this problem, small diameter oxide [1] , implant [2] , or hybrid oxide−implant apertures [3] , and etched surface re− liefs [4] . The methods have shown success in the control of single−mode operation but they are limited to low powers in single mode regimes. The photonic crystal (PhC) approach provides single fundamental−mode emission with a specific structure independent of wavelength, contributes to the re− duction of the threshold current and its unique "endlessly single−mode" property [5] assures high power and narrow− single mode spectral characteristic. Moreover, PhC over− comes the material limitation which is a main disadvantage of an oxidation process.
Recently, a number of experimental [6] [7] [8] and theoreti− cal studies on PhC VCSELs have been presented [9] [10] [11] [12] [13] [14] [15] , however, only in Refs. 10 and 14 the thermal effects taking part in the PhC VCSEL operation has been considered with a special care. The detailed thermal analysis of continuous wave (cw) operation has been not addressed to the PhC VCSEL operation at all. The paper presents a fully self−con− sistent analysis of a room−temperature cw PhC VCSEL op− eration which tackles its interrelated models of thermal, electrical, gain and optical phenomena. Hence, the heat gen− eration within volumes of the above devices including non−radiative recombination and reabsorption of spontane− ous radiation, volume Joule heating and barrier Joule heat− ing is carefully included into the model. In PhC VCSELs, the wavelength of emitted radiation is not only a result of an interaction between optical field and PhC structure and/or a simple function of an active region temperature but it also reflects nonlinear phenomena accompanying VCSEL gain spectrum shift, thermal focusing and free carrier defocusing. We expect that dominant influence on the VCSEL heating comes from non−radiative recombination of free carriers within an active region. But, in comparison to conventional VCSELs, there have to be considered additional pheno− mena, which influence the thermal behaviour of PhC VCSEL. PhC region consists of air holes defined by lower thermal conductivity than semiconductor material. Deep etching hampers the heat transfer but also reduces the threshold current [15] . On the other hand, for shallow etch− ing, one gets rid of heat transport problem but there arises another one connected with light leakage through PhC holes [15] . Hence we analyse ambiguous influences of PhC on thermal management in the VCSEL.
We would like to stress that the results presented here have been obtained for the InP−based 1300−nm AlInGaAs PhC−VCSEL design. Therefore, they cannot be straightfor− wardly used for PhC VCSELs based on different material systems. Nevertheless, we believe that the presented charac− teristics are quite general and would show qualitatively the same trends in PhC VCSELs on other material systems.
The paper is organized as follows, Sect. 2 describes the theoretical model with more detailed description of key models for the analysis, Sect. 3 provides the details of the PhC VCSEL structures, and Sect. 4 presents the results of numerical analysis of the temperature and wavelength char− acteristics induced by the variation of the PhC geometry.
The model
The multi−physical model utilized here comprises a three− −dimensional (3D) vectorial optical model (the plane wave admittance method) [16] , finite element electrical and ther− mal models and a gain model based on the Fermi's golden rule [17] . A self−consistent algorithm of interactions be− tween these models reflects a mutual interplay of individual physical phenomena that takes place in a lasing device [17] . Although all components of the model are equally impor− tant for exactness of the approach, however, two of them need special attention here. In the thermal model, the heat−conduction equation
for the whole structure using the finite element method is solved. In the above equation, l T stands for the thermal con− ductivity coefficient and g T is the volume density of heat sources, T is the temperature, and r is the position. The ther− mal conductivities constituting the device are collected in Table 1 . Non−radiative recombination and reabsorption of spontaneous radiation is found to constitute the main heat source located within the active region of the laser. Addi− tionally, the volume Joule heating in all structure layers and the barrier Joule heating in the contacts are taken into ac− count. The 3D heat−flux spread in a copper heat sink is de− termined assuming its external walls to be kept at the ambi− ent room temperature. Side and top laser−crystal walls are assumed to be thermally isolated because both the thermal radiation and the thermal convection of air particles are neg− ligible compared with the intense heat−flux conduction through the bottom device base into its heat sink. In the optical model, the multilayer structure is conside− red in which each layer is uniform along an axis perpendicu− lar to this layer (z axis) and direction of the light propagation is assumed to be parallel to z axis. In such a structure, the so− lution of the Maxwell equations can be found in semi−analyti− cal way, requiring a numerical approximation only in two di− mensions (xy plane). Such solutions are then composed to− gether with the field continuity conditions to give a complete distribution of the electromagnetic field in the analyzed struc− ture. The time independent Maxwell equations with diagonal anisotropic and magnetic tensors can be transformed to the generalized transmission line equations. These equations can be transformed into a finite problem by expanding the fields in plane wave basis. After diagonalization, the analytical so− lution can be found in a form of linear combination of expo− nential functions. The refractive indices used in the calculation are given in Table 2 . 
The structure
Our study is based on the 1.3−μm double intra−cavity con− tacted tunnel−junction (TJ) PhC VCSEL structure ( In 0.532 As barriers [23] . The cavity is bounded by two Al 0.9 Ga 0.1 As/GaAs DBRs [24] . The bottom one consists of 27 DBR pairs and the top one of 35 pairs. The optical con− finement is achieved by means of three rings of hexagonal air−hole PhC with a single defect in the middle. The photonic crystal is determined according to the following parameters (as defined in Fig. 2 ), the PhC pitch L, the hole diameter a, and the optical aperture 2R A . The optical aper− ture is defined as a circle touching the inner ring of the holes. Hence, the relation between a, L, and R A is given by the expression
The depth of the PhC holes d E is determined as the dis− tance between the upper edge of the top DBR and the bot− tom of the holes. The low threshold of the device is addi− tionally assured by the current confinement realized by the proton implantation R PA , which is R PA /R A = 3/4 [15] . The uniformity of the gain distribution within active region sup− ports the tunnel junction. Figure 3(a) illustrates the maximal temperature T max within the device against the etching depth for different a/L ratios. The tendency of temperature dependence on etching depth follows the changes of the threshold carrier concentration [ Fig. 3(b) ]. Increase in the etching in the range 0 < d E < 6 μm contributes to an increase in the maximal carrier concentra− tion within the active region N max , which is induced by an increase in the light leakage through the PhC holes [15] . In− crease in the carrier concentrations implies an increase in the temperature within the device since the energy of the carriers recombination is turned into heating below thresh− old. If the etching depth is deep enough to confine the mode and to reverse the tendency of the carrier concentration [ Fig. 3(b) ], T max starts to decrease for 6 μm < d E < 8 μm.
The results
For deep etching (8 μm < d E < 14 μm), N max is reduced much slower with etching depth than in the preceded region and it reaches nearly plateau. The temperature starts to grow in the deep etching region (8 μm < d E < 14 μm). The mini− mal temperature in the threshold is observed for d E = 12 μm. Increase in the etching depth of PhC and the lack of carrier concentration decrease is responsible for an increase in tem− perature in that region. Considering Figs. 3(a) and 3(b) , one can notice that PhC VCSEL with a/L = 0.2 stands out from two other constructions for thermal characteristics for 5 μm < d E < 6 μm and for the carrier concentration depend− ence for 7 μm < d E < 14 μm. First case results from a better thermal conductivity of PhC with a/L = 0.2, since narrow holes reduce the thermal conductivity much less in compari− son to a/L = 0.5 and 0.8. Hence, for similar carrier concen− trations, PhC defined by a/L = 0.2 manages more effectively with heat transfer. The explanation of the second case is analogous. Although there is the higher N max for a/L = 0.2, the effective heat transfer through PhC region allows us to achieve T max comparable to that of a/L = 0.5 and 0.8 cases.
An interaction of the wavelength l with the laser mate− rial determines the wavelength l of the mode. A distribution of the refractive index n within the structure is changed by changes of the PhC geometry. Moreover, in the case of a working device, three different mechanisms influence the optical waveguiding by their radial distributions: tempera− ture (dn/dT = 2×10 -4 1/K in Ref. fects the imaginary part of the refractive index leading to a gain guiding. Although an impact of all the three factors is comparable in absolute magnitude, the free carrier and gain contributions are spatially limited to the thin active region. Therefore, the thermal focusing is the dominating one since it modifies the radial distribution of the refractive index both in the cavity and in the DBRs. Figure 4 shows the emitted wavelength as a function of the etching depth for different a/L ratios. Similarity of both the wavelength and the temperature, spatial distributions re− veals close relation of both phenomena. Comparing (Fig. 4) the results determined for the continuous−wave operation with the analogous results for the pulse operation [11, 12] one can notice that change of the emitted wavelength is ten time larger in the case of cw operation. For the pulse opera− tion, the dominant mechanism responsible for a change of the emitted wavelength is the change of PhC geometry.
A change of the etching depth and the change of a/L ratio for given optical aperture lead to a change of refractive in− dex not larger than 3×10 -4 . We can conclude that the etch− ing depth changes the refractivity of the DBR mirror [15] that influences the threshold current and the carrier concen− tration within the active region. Consequently, a change of the carrier concentration implies a change of the tempe− rature within the device, which finally affects the wavelength. Figure 5 (a) illustrates T max against the etching depth for different optical apertures R A . The general dependence is similar for each R A . For shallow etching (0 < d E < 5 μm) there is an increase in the temperature with etching depth, afterwards -an abrupt decrease for 6 μm < d E < 8 μm and fi− nally relative plateau for 8 μm < d E < 14 μm. In the case of R A = 2 μm, the temperature increase is very high for 4 μm < d E < 7 μm and the threshold is not reached in that range. Since the tunnel junction is used in the structure, the carrier concentration distribution within the active region is uni− form and current crowding effect is not observed for as broad as 16−μm aperture [26] . Hence, such a configuration reveals a decrease in the carrier concentration [ Fig. 5(b) ] and the threshold current [26] with an increase in the aper− ture for the structures defined by d E < 8 μm. Such tendency implies similar tendency for T max (R A ) [ Fig. 5(a) ]. The in− crease in the temperature observed for R A = 2 μm is very high since strong light leakage exists for relatively shallow holes and large current injected to small active region leads to large heat generation. Deep etching, on the other hand, assures strong confinement and effective overlap of the mode and the active region hence temperature in the thre− shold is as low as 302 K.
The increase of T max (R A ) is observed for deep etching, sources are similar within active regions of considered de− signs. However, the electrical aperture, which is 3/4 of the optical aperture, causes that the heat sources are of different sizes and consequently an increase of R A and R PA causes an increase of T max for 11 μm < d E < 14 μm. The dependence l(R A ) presented in Fig. 6 can be ex− plained as a function of temperature only in the range of shallow holes, 0 < d E < 5 μm. For 8 μm < d E < 14 μm, the difference of T max is close to 10 K between extreme R A s, which implies a change of the refractive index Dn/n = 6×10 -4 and Dl = 8×10 -4 μm. Hence, the wavelength shift Dl = 4×10 -3 μm, observed in Fig. 6 , cannot be triggered by the temperature influence only. The pulse operation analysis shows that such a wavelength shift is produced by a change of the optical aperture size itself [11] .
Conclusions
A fully physical self−consistent analysis of a room−tempera− ture operation of InP−based 1300−nm AlInGaAs PhC TJ VCSELs has been carried out. We analyse the thermal ef− fects and the wavelength of emitted radiation as a function of the PhC parameters: the etching depth, the diameter of the holes and the optical aperture. The main heat source is assumed to be located in the active region, therefore the emitted thermal power is directly related to the density of carriers recombining in the active region. Since the air holes of PhC are defined by a distinctly lower thermal conducti− vity than that of the semiconductor material constituting VCSEL, an increase in the etching depth or an increase of a/L ratio lead to less effective heat extraction, i.e., to poorer thermal management. On the other hand, deep holes con− tribute to a reduction of the threshold current. Hence the main difference of thermal analysis of PhC VCSEL and that of the conventional VCSEL lies in both the additional light leakage through the PhC holes and a deterioration of the heat transfer through the PhC with respect to the semicon− ductor material without PhC. The maximal temperature for the lasing threshold is observed for 5 μm < d E < 6 μm. In such a design, we observe the largest mode leakage through PhC. For the design with the very small optical aperture R A = 2 μm, laser action is dumped by very high temperature in− creases. The maximal reduction of the threshold tempera− ture is observed for d E = 12 μm for a very low threshold cur− rent reduced by very deep PhC holes. We can conclude that crucial factor determining the operational temperature is strength of the optical confinement and existence of the mode leakage. neration. Deep etching deteriorates the heat transport but on the other hand allows us for significant threshold current re− duction which is main factor affecting the overall heat ba− lance. The analysis of the wavelength of emitted radiation revealed that thermal phenomena are responsible for wave− length shifts in the case of the etching depth and a/L ratio modifications with constant optical aperture. The maximal shift of the wavelength in that case is close to Dl = 3×10 -3 μm. Change of the optical aperture causes a similar shift of the wavelength Dl = 4×10 -3 μm, which is induced by a change of the confinement strength. To achieve the tunnel−junction VCSEL design assuring low temperature increase during lasing, deep etching and/or broad optical apertures are necessary.
